Abstract-An adaptive nonlinear sliding mode controller combined with a field orientation scheme has been developed for the control of induction motor to achieve rotor angular speed and rotor flux amplitude tracking objectives. The inputs to the controller are the reference speed, the reference flux, the measured stator currents, the measur~d rotor speed, the estimated rotor flux, and estimates of the varying non measurable parameters. The unknown load torque and the rotor resistance which may vary during operation. The controller outputs are the reference stator voltages. An accurate knowledge of the rotor flux, the load torque and the rotor resistance is the key factor in obtaining a high-performance and high-efficiency inductionmotor drive. The rotor flux is estimated using the inductionmotor rotor-circuit model. Although the estimated rotor flux is insensitive to the stator-resistance variation, it does depend on the rotor resistance. A stable model reference adaptive system (MRAS) rotor-resistance estimator insensitive to stator-resistance variation as well as a load torque estimator have been designed. The use of cascade sliding mode control structure and continuous adaptive update of the machine parameters ensures accurate flux estimation and high-performance operation. Simulation results are presented to verify the stability of the induction-motor drive in various operating modes.
I. INTRODUCTION The induction machine (1M) is widely used in industry, because of its mechanical robustness, low maintenance requirement, and relatively low cost. Howev~, from control point of view, control of the induction machines is one of the most challenging topics. Its control is complex because the dynamic of the induction machine is nonlinear, multivariable, and highly coupled. Furthermore, there are various parameter uncertainties and disturbances in the system. The rotor resistances, for example, can vary up to 100% because of rotor heating during operation.
In the last few years, many versions of a nonlinear state feedback control schemes, such as, input-output feedback linearization [1] , passivity-based control [2] [3] and backstepping [4] [5] have been applied to the 1M drive. Adaptive versions of most of those nonlinear control schemes are also available for the effective compensation of the parameter uncertainties and disturbances in the induction motor systems [6] [7] [8] [9] . A fundamental problem in the design of feedback controllers is that of stabilizing and achieving a specified transient performance in the presence of external disturbances and plant parameter variations.
Since the publication of the survey paper in 1977 [10] , significant interest on sliding mode control has been generated in the control research community worldwide. This interest is increased in the last two decades due to the possibility to implement this control in industrial applications with the advances of the power electronics technology and the availability of cheap and fast computation.
One of the most intriguing aspects of sliding mode is the discontinuous nature of the control action whose primary function of each of the feedback channels is to switch between two distinctively different system structures (or components) such that a new type of system motion, called sliding mode, exists in a manifold. This peculiar system characteristic is claimed to result in superior system performance which includes insensitivity to parameter variations, and complete rejection of disturbances [11] .
In this paper, a nonlinear adaptive sliding mode speed and rotor flux control scheme combined with field orientation for the induction-motor drive has been developed. Some sliding surfaces are chosen for which an appropriate logic commuta-978-1-4244-2206-7/08/$25.00 ©2008 IEEE tion associated to these surfaces is determined. One important characteristic of the proposed controller is its cascade structure; which gives a high performance using simple sliding surfaces. Furthermore, in order to reduce chattering phenomenon, smooth control functions with appropriate threshold have been chosen. The rotor flux is estimated using the rotor-circuit model and, thus, is insensitive to the stator resistance. A stable model reference adaptive system (MRAS) rotor-resistance and load torque estimators have been designed using the measured stator current and rotor speed, and voltage command.
II. INDIRECT FIELD-ORIENTED CONTROL OF THE 1M
Assuming linear magnetic circuits and balanced three phase windings, the fifth-order nonlinear model of 1M, expressed in the stator frame is [12] :
We can see that (1) is highly coupled, multivariable and nonlinear system. It is very difficult to control the 1M directly based on this model. State transformation to simplify the system representation is required. A well-known method to this end is the transformation of the field orientation principle. Where much simplification is gained by the fact that A2q == 0 .
Using this transformation and the notations in the Nomenclature, the state equations (1) 
The decoupling control method with compensation is to choose inverter output voltages such that:
Where K p, K i are the proportional and the integral (PI) current controller gains.
For that, we need the estimation of the rotor flux as given by From the above IFOC structure, the sliding mode control mechanisms for the rotor angular speed regulation and the flux generation can be better applied to replace the traditional nonlinear feedback PI control of the field oriented control technique for better performance. Basically, the sliding mode control objectives consist mainly of the following steps:
A. Design of the switching surfaces
We choose the sliding surface to obtain a sliding mode regime which guarantees the convergence of the state x to its desired value Xd according to the relation [13] 
The controller is given by 2) For the direct current regulation:
The controller is given by 
4) For the quadrature current regulation:
The controller is given by
B. Control calculation
Two parts have to be distinguished in the control design procedure. The first one concerns the attractivity of the state trajectory to the sliding surface and the second represents the dynamic response of the representative point in sliding mode. This latter is very important in terms of application of nonlinear control techniques, because it eliminates the uncertain effect of the model and external perturbation. For that, the structure of a sliding mode controller includes two terms:
As the estimated rotor flux is sensitive to rotor-resistance variation, a stable rotor-resistance MRAS estimator can be developed. We can rewrite the dynamic model of an induction motor given before in (1) as a compact form given in [16] 
8(x).8(x)<O
A simple form of the control action using sliding mode theory is a relay function; witch has a discontinuous form given by:
Where -u eq is called equivalent control which is used when the system state is in the sliding mode. It is calculated from 8 (x) == O.
-Un is given to guarantee the attractivity of the variable to be controlled towards the comnlutation surface. This latter is achieved by the condition [13] [ 15].
k is a constant and is chosen positive to satisfy attractivity and stability conditions. To obtain a reference model for the rotor resistance identification the part of the right-hand side of (28) containing R 2 is separated:
1) For the rotor flux regulation:
Here s denotes Laplace operator.
VI. SIMULATIONS RESULTS
The overall configuration of the control system for 1M is shown in Fig.2 . The effectiveness of the proposed controller combined with the rotor resistance and load torque estimations has been verified by simulations in Matlab/Simulink. The parameters of the induction motor used are given in Appendix. The simulation results have been obtained under a constant load torque of 10 Nm. Parameters of the sliding mode controllers are:
Kd == 500, K q == 500, K¢ == 400 and K w == 300. Parameters of the MRAS identifier are: 1 == 0.2, L == 100 and c == 0.01.
Results obtained are shown in Fig.3 . The reference speed is set to 80 rad/s until t=4s, when it is reversed to -80rad/s to allow drive to operate in the generating mode. The reference flux is set to 0.4wb. The load torque is changed from 0 to 10 Nm at t=0.6s. The rotor resistance and the load torque estimators are activated. It can be seen that the estimated load torque converges very quickly to the actual value. In addition, the estimated values of R 2 follow its actual value very closely. In order to show the convergence capability of the MRAS rotor resistance estimator, at t=1.2 s, the interne value of R 2 in the (31) (30) (29)
S . 1M model has been disturbed and varied intentionally 30% of its initial value and held constant until t=2.5s, at the same moment, the rotor resistance estimator is disconnected from the control structure.
It can be noted that the error in the estimated value of R 2 produces a steady state error in the speed and the rotor flux control and also generates an elTor in the estimated value of the load torque. At t=2.5s, the initial value of 1~2 in 1M model has restored and the rotor resistance estimator has been reconnected and the rotor resistance is seen to converge to the actual value and also the other system variables. At t=4s, the reference speed is reversed to -80 rad/s to allow the drive to operate in the generating mode.
The results show a stable operation of the drive in the various operating modes.
Furthermore, simulation results have been performed to show the capability of the load torque estimator to track the rapid load torque changes and also to show the performance of flux and speed control. The results are shown in Fig. 4 . These results have been obtained using the same parameters used for the results in Fig. 3 . The rotor resistance and load torque estimators are activated at t=0.2s. The load torque has been reversed from 10 Nm to -10 Nm at t=2s. It can be seen from Fig. 4 that the estimated load torque converges rapidly to its actual value and the rotor resistance estimator is stable. In addition, the results in Fig. 4 show an excellent control of rotor flux and speed.
Thus, the simulation results confirm the robustness of the proposed scheme with respect to the variation of the rotor resistance and load torque. , :~r=-_J-1--l_,~~__R _21i (. )i6.01 (J.J.E. Slotine 1984[13] ).
It would be meaningful in the future work to implement in real time the proposed algorithm in order to verify its robustness with respect to the discretization effects, parameter uncertainties and modelling inaccuracies. 
VII. CONCLUSIONS AND FUTURE WORKS
In this paper, a novel scheme for speed and flux control of induction motor using online estimations of the rotor resistance and load torque have been described. The nonlinear controller presented provides voltage inputs on the basis of rotor speed and stator currents measurements and guarantees rapid tracking of smooth speed and rotor fl ux references for unknown parameters (rotor resistance and load torque) and non-measurable state variables (rotor flux). In simulation results, we have shown that the proposed nonlinear adaptive control algorithm achieved very good tracking performance within a wide range of the operation of the 1M. The proposed method also presented a very interesting robustness properties with respect to the extreme variation of the rotor resistance and reversal of the load torque. The other interesting feature of the proposed method is that it is sinlple and easy to implement in real time. From a practical point of view, in order to reduce the chattering phenomenon due to the discontinuous part of the controller, the sign(.) functions have been replaced by the saturation functions
